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from CD4 + CD25~ Precursors 1 
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Previously we reported that TGF-ii has an important role in the generation and expansion of human "professional" CD4 + CD25 + 
regulatory T cells in the periphery that have a cytokine-independent mechanism of action. In this study we used low-dose 
staphylococcal enterotoxin to induce T cell-dependent Ab production. We report that TGF-/3 induces activated CD4 + CD25 T 
cells to become Th3 suppressor cells. While stimulating CD4 + cells with TGF-/3 modestly increased expression of CD25 and 
intracellular CTLA-4 in primary cultures, upon secondary stimulation without TGF-/3 the total number and those expressing 
these markers dramatically increased. This expansion was due to both increased proliferation and protection of these cells from 
activation-induced apoptosis. Moreover, adding as few as 1 % of these TGF-0-primed CD4 + T cells to fresh CD4 + cells and B cells 
markedly suppressed IgG production. The inhibitory effect was mediated by TGF-0 and was also partially contact dependent. 
Increased TGF-/J production was associated with a decreased production of IFN-y and IL-10. Depletion studies revealed that the 
precursors >f these TGF-0-producing CD4 + suppressor cells were CD25 negative. These studies provide evidence that 
CD4*CD25 '■ regulatory cells in human blood consist of at least two subsets that have TGF-/3-dependent and independent mech- 
anisms of action. TGF-p has an essential role in the generation of both of these T suppressor cell subsets from peripheral T cells. 
The ability to induce CD4 + and CD8 + cells to become regulatory cells ex vivo has the potential to be useful in the treatment of 
autoimmune diseases and to prevent transplant rejection. The Journal of Immunology, 2002, 169: 4183-4189. 



Transforming growth factor-0 is a multifunctional cytokine 
with both positive and negative effects on the immune 
system (I). While its inhibitory effects are well known 
(2), this cytokine can also induce IL-2-activatcd human CD4 and 
CDS ' T eel s to develop potent down-regulatory effects. Previ- 
ously, we have reported that TGF-0 can induce mitogen-stimu- 
lated CDS ' " cells to suppress T cell-dependent Ab production (3. 
4) We have tlso observed that TGF-/3 can generate CD4 + CD25* 
cells thai ha«'c very potent contact-dependent suppressive effects 
on alloaclivatcd on CDS* T cells (5). These suppressive effects 
were similar to. if not identical with, the "professional" 
CD4'CD25 T cells described by others (6, 7). Here we report 
that TGF-/3 eostimulates CD4 ' CD25" cells and induces them to 
become potent suppressors of Ab production by a TGF-0-depen- 
dent mechanism of action. 

To study T cell/B cell interactions, we have used model systems 
where the confounding effects of additional APCs can be excluded. 
In investigat ng how CDS ' T cells become suppressor cells, we 
used a mitogenic combination of anti-CD2 Abs for this purpose 
(4). More recently. Stohl and Elliott (8) have found that the bac- 
terial superantigen staphylococcal enterotoxin B (SEB) 1 has a sim- 
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ilar effect. This superantigen binds to T cells expressing V/38 and 
HLA-DR on B cells and in high doses eliminates the latter cells by 
activation-induced apoptosis. However, in low doses SEB induces 
Ab production by a direct interaction of T cells and B cells without 
additional accessory cells (8). We have found that the magnitude 
of this response is controlled by TGF-0 produced by cells in the 
immediate mieroenvironment. Exposure of CD4" cells to TGF-0 
at the time they were activated with SEB altered the genetic pro- 
gram of these cells. Upon rcstimulation, these CD4'' T cells ex- 
panded, expressed high levels of CD25 and CTLA-4. and devel- 
oped potent TGF-/3-dependcnt suppressive activity. 

Materials and Methods 

The following Abs were used: anti-CD3, anti-CD8. anti-CD20, anti-CD25. 
ani.-Cl LA-4 anti-CD 1 22, control IgG (all from BD PharMingen, San Di- 
ego. CA); anti-CD8 (OKT8). anti-CDl lb (OKM1 ), anti-CD74 (L243) (all 
liybridomas from American Type Culture Collection. Manassas, VA); anti- 
CD 16 (3G8, kindly provided by Dr. J. Unkclcss, Mount Sinai Medical 
School, New York, NY); anti-CD103 (DAKO, Carpinteria, CA); and anli- 
TGF-0 (K&.D Systems, Minneapolis, MN). SEB was purchased from Sig- 
ma-Aldrich (St. Louis, MO). TGF-01 and 1L-2 were from R&D Systems. 

Lymphocyte isolation 

PBMC were prepared from heparinized venous blood of healthy adult vol- 
unteers by Ficoll-Hypaque (Atlanta Biologicals, Norcross, GA) density 
gradient centrifugation. To prepare PBL, PBMC were added to a contin- 
uous Pcrcoll (Pharmacia. Piscataway, NJ) density gradient and the high- 
density fraction was collected (9). T cells were prepared by immediate 
roscttini with minocfr hsuihiouronium bromide-treated SRBC (10). T 
cells were further purified from resetting cells by staining with Abs to 
CDI6, CD74, and CD1 lb and depleting . ictiv. cells u.mg immunomag- 
nctic beads (Dynal Biotech, Great Neck, NY). The percentage of CD3* 
cells in this fraction was usually >96%. 

CD4' cells were prepared from T cells that were stained with Abs to 
CDS b\ i t el si ii ii i i ign beads. Punt \> ' 

cells was usually 95V CD2.vdcplcted CD4 T cells were prepared from 
CD4 ' T cells by cell sorting. Before sorting, the CD4 " CD 25 population 
was 5% among total CD4 ' T cells. After sorting, the CD4 CD25 ' 
population was <0.3%. In some experiments CDS ceils were prepared by 
negative selection (4). To obtain B cells, nonrosctting PBMC were treated 
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with 5 rn\1 i ■ cicine mcihvl ester (LME) for depiction of monocytes and 
NK cells (ID. These cells were stained with Abs to CD3, CD 1 6, and 
CD1 lb and depleted of reactive cells by immunomagnctie beads. The re- 
sulting population was >90% CD20* and <0.5% CD3 + . 

Generation and assay of regulatory CD4* cells 

(1)4 ' cells U X 10'') and irradiated B cells as superantigen-prcsenting 
cells iSI't •• (2 x 10") were cultured with SFB (0.01 ng/ml) in the presence 
or absence of TGF-/J I (0.1 10 ng/ml) in AIM V serum-free medium (ln- 
vurogen, CarUbad, CA) for 5-6 days in 24-well plates (Multiwcll; BD 
Labwaro. Franklin Lakes, N.I). Scrum-free medium was used because 
TGF-fi binds to various scrum components (12). The cells were washed 
and various lumbers were added to fresh autologous CD4 + cells (5 X 
1 Orwell I and 13 cells (5 X l0 4 /well) in 96-wclI flat-bottom microliter plates 
(falcon. Lincoln Park, NJ) and cultured in RPM1 1640 medium (Invitro- 
gcn) supplemented wilh 10% healcd-inactivatcd FCS (HyClonc Laborato- 
ries. Logan, LI). 100 U'ml penicillin ( Invitrogcn), lOOg/ml streptomycin 
(Invurogen). 1 niM i.-glulaminc (Invitrogcn), 100 mM Na-pyruvatc (In- 
vitrogcn). and 10 mM HhPKS (invitrogcn). After culture in complete me- 
dium lb 7 10 days, the supernatanis were harvested and IgG content was 
determined by HI. ISA (1). The variation between triplicalc wells was usu- 
ally .10"-,, Ir some experiments, proliferation in secondary cultures was 
assessed by uptake of tntialed thymidine added for (he final 18 h and 
assessment of cell t ncxii taming a formed by flow cy- 

tometry according to instructions from the manufacturer I BO PharMingcn). 

Measurement o f cytokine production 

Primed CD4 ' cells were extensively washed and rcstumilaled with 0.01 
ng ml SF.B for 24. 48. and 72 h in scrum-free AIM V scrum for TGF-fi 
production, and wilh complete medium for production of other cytokines. 
In some experiments, IL.-2 (10 Id/ml) was added to the cultures. Active 
TGF-fi was determined by mink lung cpidiclial cells transfected with a 

eluded lo generate a standard curve, and the variation between triplicate 
samples was always <l()%. Supcrnatants were also tested in duplicate 
using I : L 1 S A kits for IL-4, 11.-10, and IFN-y (BioSourcc International. 
Camarillo, CA). The limits of detection of the assays performed were 7.8- 
.Slid pg/ml (Id- 1 1.-4 and IL-10) and 7.8-1000 pg/ml (for IFN-y). 

Transwcll studies 

(W T cells and CD25-dcplctcd CD4" T cells were primed with SEB 
with or withoil TGF-fi as described above. After 5-6 days, these cells 
were extensively washed, mixed with fresh CD4 * cells in different ratios 
(1:5.1 :20, and 1 : 1 00). and added to the wells of a 24-well plate containing 
CD4 1 cells. B cells, and SEB. In some wells, the conditioned CD4* cells 
and irradiated SPC were separated from rcsponder cells by the insert of a 
Transwcll plat: (Corning Costar, Cambridge, MA). Supcrnatants were col- 
lected after IC days and assayed for IgG content by an ELISA. 

Inununojluoi escence analysis 

Cell sulfate />e expression on effector CD4" T cells was determined by 
How cytometry CD4~ T cells (10' ) were labeled with FlTC-conjugatcd 
,;.nn-CI)4) and PP.-eonjuaaicd (anu-CD25) mAbs. Alter 20 mm at 4°C in 
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FIGURE 2. Effect of anti-TGF-B on SEB-induced IgG synthesis. ,4, 
PBMC (I X I0 s /well) were stimulated with SEB (0.01 ng/ml) with or 
without anti-TGF-B (10 ug/ml) for 10 days as in Fig. 1. B, Anti-TGF-B or 
control IgG I was added at the days indicated and the effect on IgG pro- 
duction is shown. These studies have been performed at least four times 
with similar results. 



PBS with 0.1% BSA and 0.02 mM NaN „ the cells were washed and an- 
alyzed on a FACSlar 1 ' 11 " flow cytomeler using CellQucsi software (BD 
Biosciences. San Jose, CA). 

For staining of intracellular CTLA-4, activated CD4" T cells were har- 
vested and » ashed twice with PBS. After staining for surface markers, they 
were fixed and pcrmcabilizcd with 4% paraformaldehyde and 0.1% sapo- 
nin buffer for 20 min. After two washes, the cells were incubated with 
normal mouse scrum to tnhtb i n in iec fie ndtng followed by incubation 
for 20 min wilh PF.-anli-CTLA-4 or PE-conjugatcd control mAbs (clgG). 
All staining was performed on ice and at least 10,000 viable cells were 

Statistical analysis 

Significance of the results was analyzed by Student's I lest performed with 
GraphPad Prism software (GraphPad, San Diego, CA). 

Results 

TGF-fi controls SEB-induced T cell-dependent Ab production 
Our initial studies suggested that the magnitude of IgG induced by 
low-dose SEB is controlled by TGF-fi produced by cells in the 
immediate microenvironment. In cultures containing PBMC or 
PBL, the dose of SEB that induced IgG production correlated in- 
versely with the amount of TGF-0 detected (Fig. 1, A and B). By 
contrast, throughout this concentration range of SEB, IgG produc- 
tion remained high and levels of TGF^ were minimal in cultures 
containing purified CD4 + cells and B cells. Because NK. cells and 
monocytes are the major sources of TGF-/3 in PBMC (4), we lysed 
these cells with LME and observed a marked increase in IgG pro- 
duction. However, adding back nanomolar concentrations of 
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. TGF-fi regulates T cell-dependent Ab production induced by low-dose supcramigen. A, PBMC or PBL (1 X 10 5 /well), or purified CD4 and 
< 10* well), in 96-wcll plates were stimulated with graded doses of SEB for 10 days and the supcrnatants were examined for IgG content, 
id :clls produced 95 ng/ml IgG. B, Supematants from parallel cultures were harvested at 48 h and assayed for active TGF-fi. C, PBMC were 
id arc and after treatment wilh LME. A TGF-fi (10 or 100 pg/ml) was added as shown and stimulated with SEB as above. Each of these studies 
icd at least three times with similar results. 
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I IGUKK 3. (.'1)4' colls primed with TCif-P arc selectively expanded 
when restimiilatcd. T cells (2 X 10"'well) and an equal number of irradi- 
ated B cells as SPC were cultured with SEB (0.01 ng/ml) with or without 
TGF-/3 (0. 1 or I ng/ml) for 5 days. The cells were washed and rcstimulatcd 
with S1-:B (0,01 ng/ml) without TGF-/3 for 3 days. A, Cells stained by 
aiili-CIM Abs. «, Cells stained by anti-C'D8 Abs. The bars indicate Ihc 
mean and Sl-M of triplicate cultures. The horizontal lines indicate the 
^liiitmy miiiihcr nl CD4* and CDS* cells. This study is representative of 
nine separate experiments. 

TGF-0 lo the LME-treated PBMC decreased IgC production to 
background bvels (Fig. It). 

Studies with ;i neutralizing antt-TGF-8 Ab provided further ev- 
idence for a role for TGF-8 in the regulation of SEB-induced IgG 
production. The addition of anti-TGF-0 resulted in a modest but 
signilicant increase in background IgG by PBMC and a 10-fold 
increase in IgG production by SEB-stimulated cells (Fig. 2A). This 
enhancement of IgG production was lost if anti-TGF-0 was added 
1 day alter fie cells were stimulated (Fig. 25). This result sug- 
gested an early effect on T cell activation rather than later B cell 
differentiation. 

Prtminy, of T cells with TCF-fi enables CD4 ' cells lo expand 
more rapidly after restimulation and protects them from 
activation-induced cell death 

Flic next series of experiments revealed several costimulatory ef- 
fects of TGF-8 on CD4 ' cells. Others have reported that after 
mitogen activation of T cells in the presence of TGF-6 there is 
marked enhancement of proliferation upon restimulation (14). We 
have confirmed this finding with SEB and have found that, in a 
mixed population of human peripheral blood CD4" and CD8 + T 



lymphocytes, TGF-6 had a selective effect on CD4* cells (Fig. 
3.4). After restimulation of TGF-8-primed cells with low-dose 
SEB, the absolute number of CD4"" but not CD8 + cells markedly 
increased (Fig. 3B). This result differs from the findings of others 
who reported positive effects of TGF-8 on mouse CD8 ' cells (15). 
TGF-8 also significantly increased the number of purified CD4 + 
cells in primary cultures (p - 0.04), but this increase was modest. 

In the experiment shown in Fig. 4, the increased expansion of 
TGF-6-primed CD4 * cells after restimulation can be attributed to 
both enhanced proliferation and protection from activation-in- 
duced cell death. In this experiment CD4"" cells were primed with 
or without TGF-8 for 6 days, rested for I day, and then restimu- 
lared with low-dose SEB without TGF-8. Three days later uptake 
of tritiated thymidine by these cells was 3-fold greater than control 
CD4 + cells. Within 6 days after restimulation almost one half of 
control CD4 + cells were undergoing apoptosis. By contrast, 
00% of TGF-8-primed CD4"" cells were annexin V positive. 

Activation of CD4 + cells in the presence of TGF-8 also in- 
creased expression of CD25 and CTLA-4. This increase was gen- 
erally modest in primary cultures but was marked after restimula- 
tion without TGF-6. In a representative experiment shown in Fig. 
5, stimulation of CD4 + cells with low-dose SEB with TGF-8 for 
6 days increased the cluster of CD25" 1 CTLA-4"" double stained 
cells from 1 3 to 24%. Three days later after restimulation without 
TGF-8, 70% of TGF-8-primed T cells expressed both of these 
markers in contrast to 53% of controls. In addition, the numbers of 
TGF-8-primed CD4"" cells had more than doubled in contrast to 
control CD4" cells, which had increased by only 50%. 
CD4*CD25* T cells that strongly express CTLA-4"" bear the phe- 
notype of regulatory T cells (7). 

Cytokines produced by CD4* cells primed with TGF-fi 
CD4~ T cells primed with TGF-6 had a much greater capacity to 
produce the active form of this cytokine. While TGF-6 produced 
by T cells is generally in the latent precursor form (16. 17), CD4 T 
cells primed in the presence of TGF-6 and restimulated with SEB 
produced greater amounts of active TGF-6 in comparison with 
controls (Fig. 6). This effect was markedly accentuated by includ- 
ing IL-2 in secondary cultures where a dose-dependent effect of 
TGF-8 was documented. Priming CD4 + cells with 10 ng/ml 



Kit RK 4. l-.xpansion ol'TCiF-tf-primcd CD4" 
■lis after restimulation and protection from activa- 
.in-induccd apoptosis. Two million CD4 " cells and 
i equal number of irradiated B cells were cultured 
u 6 days in scnim-frcc medium with Sh'B (0.01 
j mil mid TCiF-pl (1(1 ng/ml) (C'D4, ( „. M ) or with- 

.ii lhi> cytokine (CD4 1 The cells were washed. 

•suspended in medium containing 10% l'Cv and 
■sled ovcrnigni. Two million CD4 ' cells and SPC 
ere then rcstimulatcd with low-dose SKB plus IL-2 
is uf triplic. 
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union. Six days alter leslimulation, viability of 
t. l)».,.„ and ( 1)4,,., ,, was assessed by flow cyk-rr.- 
etiy ( and /). Cell size (forward scatter) on the ab- 
scissa and cell granr.iariiy (side scatter) on the ordi- 
nate /:". Anncxiil V staining. Gray line, CD4 T , 
black line, CC4,,,,,. These data are representative of 
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FIGURE 5. C'ostimulalory ellccls ofTGF-0 on CD'25 and CTLA-4 ex- 
pression by CD4 cells. CD4 " cells (2 X 10") with SI'C were stimulated 
with low-dose SKB with or without TGF-0 (10 ng/ml) for 6 days. CD4 ' 
cells (2 v 10"; were then rcsliinulaled with SF.B as described above for an 
additional days. Upper panels, CD4 ' cells double stained for surface 
CD25 and intracellular CTLA-4 after primary culture. Lower panels. The 
ellccls of restimulation. The cell numbers and percentages that stained for 
each marker arc indicated. The results are representative of six 
experiments. 



TGF-0 resulted in a much greater amount of active TGF-/3 than 
cells primed with 0.1 ng/ml TGF-0 (Fig. 6). 

Production of IFN-y and 11-10 by restimulated TGF-0-primed 
CD4* cells was significantly lower than that of control CD4"" 
cells. The decreased IFN-y production was a direct effect of 
TGF-jS because it was abolished by anti-TGF-jB (Fig. 1A). Al- 
though the decrease in 1L-10 production was related to the dose of 
TGF-jS used in primary cultures, it was not reversed by anti-TGF-0 
in secondary cultures (Fig. IB). IL-4 production was also assessed 
and differences in the production of this cytokine were not ob- 
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KICiUKK. f.. (1)4 ' cells primed with TGF-0 produce the active form of 
this cytokine upon restimulation. CD4 ' cells (2 x 10'Vwcll) were slimu- 
laied with low-dose SEB for 6 days with the concentrations of TGF-/3 
slum n in nanograms per milliliter. The cells were then rcsliinulaled lor 1-3 
days with SUB in Hie presence or absence of IL-2 (10 Li/ml). The super- 
fluous were then tested for active TGF-/J. The results shown indicate the 
mean r. SKM of three independent experiments. In cultures without IL-2, 
die mean values of TGF-/3 produced by priming CD4* cells with 1 or 10 
ng nil were significantly greater than control CD4* cells (p = 0.05-0.006) 
ai all limes studied. When CD4 ' cells were restimulated with IL-2, TGF-/3 
production by CD4 1 T cells printed with this cytokine were even greater, 
and all values were significantly higher than control CD4* cells (p < 
U O02 1. rOF-/3 carry-over from primary cultures was excluded by exam- 
ining the supcrnatants of primed C'D4 + cells that were not restimulated 
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F1GURE 7. IFN-y and 1L-10 production by CD4* cells conditioned 
with TGF-0. CD4* cells (2 x lO'Vwcll) with SPC were stimulated with 
low-dose SEB and the doses of TGF-/3 indicated for 6 days and restimu- 
lated with SEB. A. Time course of IFN-y production and effcel of anti- 
TGF-0. B, Similar studies of IL-10 production. The mean ± SEM of three 
separate experiments is shown. Mean values of cytokines produced by 
TGF-/3-primed CD4 * cells were significantly different from control CD4 + 
cells (*,/>< 0.05). 



served in three separate experiments (data not shown). Because 
only TGF-/3 and not IL-4 or IL-10 was produced by these cells in 
large amounts, we concluded that we had generated the Th3 cells 
previously described by Weiner et al. (18). 

The suppressive effects ofCD4* cells primed with TGF-p and 
precursor phenotype of these cells 

Consistent with its known immunosuppressive effects (1), treat- 
ment of CD4 + cells with TGF-/3 for 48 h abolished the capacity of 
these cells to provide B cell help for Ab production (data not 
shown). However, even more interesting is the fact that the addi- 
tion of TGF-0-primed CD4 + cells to fresh CD4 and B cells mark- 
edly suppressed SEB-induced IgG production. In nine separate ex- 
periments, evaluating various ratios of CD4 regulatory cells to 
helper cells, the addition of 5% TGF-0-trcated CD4 ' cells to fresh 
CD4' cells had marked suppressive effects. In five of these ex- 
periments, the addition of only 1% of the TGF-/3-primed CD4 + 
cells suppressed [gG production by >50%. The mean value of the 
suppressive activity is shown in Fig. 8/4. This inhibition was com- 
pletely abolished by anti-TGF-0 Abs (Fig. 85). With CD4 control 
cells anti-TGF-(3 had no effect on the production of IgG (Fig. 8C). 

We have reported previously that TGF-/3 can induce activated 
naive CD4 + cells to become potent, contact-dependent 
CD4""CD25" t ' regulatory cells (5). The properties of these cells 
were similar to, if not identical with, the murine "professional" 
CD4" 1 " cells described by others (7). The activity of these suppres- 
sor cells was not affected by anti-TGF-j3 or anti-IL-10. Because 
depletion of CD25' 1 " cells from naive CD4 + cells abrogated the 
development of this suppressive activity (5), the precursors of the 
CD4 + professional regulatory cells apparently express CD25 con- 
stitutively. Therefore, we considered that the precursors of the Th3 
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A. SEB primed CD4+ cells B. CD4reg + Anti-TGF-B C. CD4con + Anti-TGF-p 




20% 5% 1% 20% 5% 1% 20% 5% 1% 



Percent conditioned CD4+ T cells added 

KIGUKK 8. CD4" T cells primed with TGF-0 develop suppressive activity mediated by this cytokine. CD4 " cells and SPC (2 X lO'Vwcll) were 
stimulated with low-dose SEB with I ng/ml TGF-/3 (CD4reg) or without TGF-/3 (CD4con) for 6 days. A, These cells were mixed with fresh CD4 and B 
cells in the percentages indicated and stimulated with SEB for an additional 10 days, B. Some cultures contained CD4rcg and anli-TGF-B (10 ng/ml) or 
a similar amount of an isoiype-matchcd control lgG. C, Other cultures contained CD4con and anti-TGF-|3. The mean lgG values ± SEM from nine 
experiments arc shown. The horizontal line indicates the mean lgG value produced by SEB-stimulated CD4 and B cells without additional CD4 primed 
cells. Values a( p arc indicated. 



cells described in this study, were conventional resting CD4 + cells 
and depleted CD25 1 cells from total CD4 ' cells. These 
CD4 ' CD25" cells were stimulated with low-dose SEB in the 
presence of TGF-f3. 

The phenotypc and functional properties of SEB-stimulated 
(. 04 ' CD25 cells were indistinguishable from total CD4 ' cells. 
As before, priming with TGF-0 resulted in a modest increase in the 
total cell number and those expressing CD25 and CTLA-4 in pri- 
mary cultures (Fig. ".-!). Upon restimulation with SEB there was a 
marked increase in each of these populations (Fig. 9B). and these 
cells developed suppressive activity that was neutralized by anti- 
TCiF-(B (Fig. 9Q. CD4TD25" cells primed with TGF-j8 also 
produced increased levels of TGF-/3 after restimulation with SEB 
(Fig. 10). The only difference noted was in the optimal dose of 
TGF-p required for conditioning. With total CD4 ' cells, maximal 
cosrimulatory and suppressive effects were noted with concentra- 
tions of TGF-jS between 0.1 and 1 ng/ml. With CD25-depleted 
CD4 ' cells, maximal production of TGF-/3 and suppressive effects 
required 10 ng/ml (Figs. 9C and 10). 

Rule of cell eimicci in suppression of CD4~* cells conditioned 
wilh TGF-li 

Although suppression of lgG synthesis was mediated by TGF-/3, 
separation of the CD4 ' regulatory cells from the responder cells 



by Transwells revealed a surprising result. With high ratios of 
suppressor cells to responder cells there was a partial loss of sup- 
pression with cell separation, but a complete loss was observed 
when the number of regulatory cells was reduced. In the experi- 
ment shown in Fig. 10, the suppressive activity by CD25-depleted 
CD4 " cells was even greater than that of total CD4 + cells. In other 
experiments the suppressive activity of each population was sim- 
ilar (Fig. 1 1 ). 

We considered the possibility that TGF-|3 released by C'D4 + 
cells in the Transwell became bound to the membrane. However, 
studies in which we added various concentrations of TGF-0 to 
either side of the Transwell and measured TGF-0 outside the 
Transwell excluded this possibility. These studies suggested that 
high levels of TGF-0 made by large numbers of regulatory cells 
could inhibit lgG production. With lower levels made by a smaller 
numbers of cells, the cytokine acted at a short distance and cell 
contact was needed for this suppressor effector activity. 

Discussion 

This report provides further evidence that TGF-S has an important 
role in the generation of regulatory T cells in addition to its well- 
known inhibitory activities on effector cell function. Here we have 
documented that TGF-p made by cells in the immediate microen- 
vironmcnt controls the T cell response to the bacterial superantigen 



A. Primary Culture B. Secondary Culture C. Suppressive function 




FIGURE 9. Phciiotypc and function of CD4" CD25" cells conditioned with TGF-8. After depletion of CD25 * cells by cell sorting. CD4*CD25~ cells 
and SPC (2 < Unwell) were slimulaicd with low-dose SEB for 6 days with or without graded concentrations of TGF-/3. A, The total number of CD4 + 
cells and those expressing CD25 and CTLA-4 in primary culture, fi, ThephenotypeofTGF-0-primed and control CD4 + cells after restimulation for 3 days. 
( . Suppressive effects or the addition of 4% of CD4* cells primed with TGF-0 to fresh T cells on lgG production. The horizontal line indicates the starting 
cell number of CD4* cells (A and B) or lgG production (Q. These experiments have been repeated five to eight times with similar results. 
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HGUKK HI. Comparison of active TGK-J3 production by total CD4 ' 
ami CD-I CD25" cells. Total CD4 ' cells or CD4 'CD25 _ cells (2 X 
ID" well I and SIT were stimulated with low-dose SEB and graded con- 
ccntraiions of T(il-'-(3 for ft days: alter extensive washing they were rc- 
siimulaicd with Sl-li lor 72 h. Values I'or active TGF-ft arc shown. This 

SI-IB. A role for TGF-jS in regulating the low-dose response to SEB 
(0.01 I ng/ml) was initially suggested by an inverse correlation 
between IgG production and TGF-/3 produced by PBL and PBMC. 
Whereas IgG production by purified CD4* and B cells remained 
high in this dose range. Ihcsc lymphocytes were poor producers of 
TGF-fJ. Studies with a neutralizing anti-TGF-/3 Ab provided fur- 
ther evidence for regulation of IgG production by TGF-/3. 

The finding that anti-TGF-|8 needed to be present at the start of 
the culture for enhancement of Ab production (Fig. 2) suggested 
that this cytokine was regulating early T cell activation rather than 
B cell differentiation. Previously, we had documented rhatTGF-/3 
needed to be present at the time of T cell activation for the gen- 
eraiion of CDS" regulatory T cells (4). While initial experiments 
revealed TGF-/3 down-regulated helper activity provided by CD4 1 
cells, further studies indicated that TGF-/3 induced CD4 ' cells to 
inhibit IgG production by producing suppressive levels of this cy- 
tokine. An autocrine effect of TGF-0 has been documented by 
others H7). 

Previously. Stohl and Elliott (8) demonstrated that the T cell 
response in SF.B is dose dependent. Whereas high-dose SEB re- 



sulted in T cell killing of B cells, low-dose SEB stimulated T 
cell-dependent B cell differentiation. Similar dose-dependent reg- 
ulatory effects have been described in oral tolerance. High doses of 
Ag administered orally result in the clonal deletion of the respond- 
ing T cells, whereas low doses of Ag result in the appearance of 
TGF-S-producing regulatory T cells called Th3 cells (18). 

The Th3 cells described by Weiner (32) produced large amounts 
of TGF-B and some IL-10. Studies on the cytokines produced by 
our TGF-8-conditioned CD4 + cells revealed that TGF-j3, but not 
IFN-y, IL-10, or IL-4, was made in large amounts. Production of 
IL-10 and IFN-y was less than that of SEB-stimulated control 
CD4 '" cells. The decreased amount of IFN-y was a direct effect of 
TGF-0, consistent with the findings of others (19). By contrast, the 
levels of IL-10 did not increase in the presence of anfi-TGF-fl. 

To begin to understand the mechanism of action of TGF-/3, we 
documented costimulatory effects of this cytokine on CD4* cells. 
In preparations containing both CD4* and CD8 + T cells, TGF-j3 
selectively eostimulated CD4 + cells in primary cultures, and this 
subset expanded preferentially upon restimulation without this cy- 
tokine. The expansion of T cells primed with TGF-/3 after restimu- 
lation has been described previously (14). In mice, one group has 
reported that TGF-|B had selective costimulatory effects on CDS'* 
T cells (15). Proliferation in response to anti-CD3 and SEB was 
substantially enhanced by TGF-B (20). These treated CDS'* cells 
secreted IL-10 and TGF-S and developed cytokine-dependent 
growth inhibitory activity. We also have demonstrated costimula- 
tory effects of TGF-/3 on purified human CD8 " T cells (3, 4) and 
have used TGF-6 to generate regulatory CDS 1 T cells that have 
cyrokine-mediated suppressive effects (21). CD4 + cells and CDS* 
cells require a different length of exposure to TGF-J3 for the in- 
duction of suppressive activity. Whereas incubation of CDS* cells 
with TGF-/3 for 24 h is sufficient, 5-6 days of incubation were 
required for CD4 ' cells to develop suppressive effects (3 5). 
Thus, TGF-/3 may have costimulatory properties upon either 
CD4* orCD8 + cells, and a preferential effect on one subset may 
be explained by the experimental conditions used. 
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The next scries of experiments revealed that priming CD4 ' cells 
with TGF-/3 not only enhanced the proliferation of CD4 + cells 
upon restimulation but also protected these cells from activation- 
induced apoptosis. Others have reported that the combination of 
IL-2 and TGF-fj has a similar protective effect on mouse CD4 ' T 
cells (22). This decreased apoptosis can be explained by decreased 
expression of Fas ligand (23. 24) and increased expression of mi- 
tochondrial Bcl-x L (25). 

Recently, we have reported other evidence of costimulatory ef- 
fects of TGI--/3 on alloantigcn-activated CD4 " T cells. Similar to 
the results described in the present study, there was increased blast 
transformation, increased expression of CD25 and CTLA-4, and 
potent, contact-dependent suppressive effects on CD8 + cells (5). 
The phenotypc and functional properties of these CD4 + cells were 
similar to. if not identical with, the professional CD4*CD25 + T 
cells described by others where neutralizing anti-cytokine Abs had 
no effect on suppressive activity (reviewed in Ref. 7). Here the 
(.1)4 cells produced large amounts of TGF-/3, and neutralizing 
Abs to this cytokine abrogated suppressive activity. 

Because we had previously generated CD4* suppressor cells 
with a cytokinc-independent mechanism of action from CD25" 
precursors, we considered thai the Th3 suppressor cells described 
m the present study were derived from CD25" resting CD4 ' cells. 
Subsequent studies revealed that the phenotypc and function of cells 
generated from ( 'D4 ' CD25 ' cells were indistinguishable from those 
derived from total CD4 ' cells. Others have also documented sup- 
pressive properties of cells generated from the CD4 ' CD25" fraction 
i.2(), 27). It is important to emphasize that the CD25 marker cannot 
distinguish •■professional" regulatory cells from Th3 cells. Although 
the former eonstitutively express this marker, the latter also can 
display this determinant after T cell activation. Whereas "profession- 
al" (.TO'd'TOS" 1 cells appear to be a unique lineage of thymic- 
derived T cells 16, 7), Th3 cells develop in the periphery (18). 
«~ While some workers claim that TGF-/3 has no role in the sup- 
pressive effector activity of CD4 + CD25~ cells (7), others claim 
that this activity is abolished by high concentrations of anti-TGF-/3 
and that latent TGF-0 is bound to the surface of these cells (28). 
It is possible that heterogeneous populations of CD4TD25* cells 
derived from different precursors explain these apparently contra- 
dictory observations. 

Both the thymus-dcrived CD4 ' CD25 ' cells and Th3 cells gen- 
erated from CD25" precursors in the periphery have important 
regulatory functions in vivo. The former block the activation of 
potentially aggressive, sclf-reactivc T cells not eliminated by the 
thymus which are capable of causing systemic autoimmune dis- 
ease (6 7. 2<). 30). CT>4 TD25 + cells also regulate homeostatic T 
cell expansion (31). While Th3 cells can also suppress autoimmu- 
nity, they function principally as general feedback regulators of 
Thl and Th2 cells (18. 32). Moreover, it is possible that these 
populations interact with each other in a synergistic manner. The 
ability to generate each of these populations ex vivo with TGF-0 
has the potential to be useful in the treatment of autoimmune dis- 
eases and prevention of transplant rejection. 

Acknowledgments 

We thank Harold Soucicr Tor his skilled support in the flow cytometry 
analysis, and we are grateful to Dr. Gunthcr Dcnncrt for his constructive 
eniimieni.- un this manuseripi. V\ c iti.ink Gabiicla Gutierrez lor her help in 
preparing the manuseripi. 

References 



ig effects of an 



<. Ohtsuka. and D. A. 
ngCDS' T cells, IL-2, 
D2 and anti-CD3. J. // 



>.224>t. 



TGF-/5 in the generation and expansion of CD4~CD2.T regulatory T 
human peripheral blood. J. Immunol. I66:72S2. 
>. Sakaguchi, S, N. Sakaguchi, J. Shimizu. S. Yamazaki. T. Sakiharoa 
Y. Kuniyasu. T. Nomura, M. Toda, and T. Takabashi. 2001. Immune 
crancc maintained by CD25 1 CD4 ' regulatory T cells: their ct 



I. Shcvach, E. M. 2000. Regulatory T cells in aut 
18:423. 

i. Stohl. W.. and J. E. Elliott. 1995. Differential human T cell-dependent B ci 
differentiation induced by staphylococcal superantigens (SAg): regulatory rc 
for SAg-dcpcndcnt B cell cytolysis. J. Immunol. 155:11)38. 

>. Dcnholm, E. M., and F. M. Wolber. 1991. A simple method for the purificatii 
of human peripheral blood monocytes. J. Immunol. Methods 144:247. 

). Abrams, S. I., and Z. Brahmi. 1988. Mechanism of K562-induccd human natui 
killer cell activation using highly enriched effector cells isolated via a new singl 

1 c I ' I 1 ' l.ip.sky 1 Mod Ian l . 
function by L-lcucinc methyl ester: inonocytc-dcpcnd 
peripheral blood mononuclear eelis J Immunol 134. 



in natural killci ce 



Clivm. 262:141m. 

>. Abe. M. J Ci Hnrpcl. C N. Metz, I. Nuncs. D 1 oskutotf. and D Rifton. 1994. An 
j s factor-p 1 using cells liansl I 

, 1)1, i \ , | I A II i 4 l i 

a polenl inducer of human effector T cells J. Immunol 133:4367 

5. Lcc. H. M., and S. Rich. 1991 Costimuh.tion of T cell prolil'eralion by trans- 
forming growth facwr-ffl. J Immune! 147-112' 

6. Kchrl. J. It., L. M. Wakefield. A. 13. Roberts, S. Jakowlcw, M. Alvarcz-Mon. 
R. Derynck, M. B. Spom. and A. S. Fauci. 19S6. Production of transforming 



naive CD4* T cells: II.-4 and IFN-y have oppos 
ivcly regulates its own production. ./. Immunol, h 
j. Faria. A. M., and H. L. Weincr. 1999. Oral tolerance 

pculie applications Adv. Immunol. 73:153 




mechanisms and th 



3. Lcc. H. M., and S. Rich. 1993. Di 
Conning growth factor-gl. J. 1mm 

I. Ilorwitz. D. A.. J. D. Gray, K. Ob 
The immunorcgulatory effects of 



TGFW31 plasmid: TGF-01-medk 
Kcurs by intcrleukin (IL)-IO induct 
J. Exp. Med. 1V2:41. 
activation ofCD8- T cells by lrs 




, ami D. Mason MOO CD25 is a marker for Cili ' tnyinoeyles 
i j but peripheral T eel l i r 

in both CD25 and CD25~ subpopulations. J. Immunol 165:3105 

a, and A Bandcrra. 2001 CD25 TD4" T cells regulate the expansion 
•al CD4 T cells through the production of 1L- 10. ./. Immunol I66:.«IUR 
, K„ A. Kitani. and W. Strobcr. 2001. Cell contact-dependent immit- 

rion by CD4 1 CD25 ' regulatory T cells ,» mediated h> eell surfacc- 
isforming growth Older (J. J. Exp Med. 194:629. 



latorv T cells that protect against organ-specific autoimmune arse. 
fnfei l. 3:90.5. 

'. . Gavin, M. A, S. R. Clarke, E. Negrou, A. Gallcgos, and A. Rudcmky. 200: 
and anagy of CD4*CD25* suppressor T cells in vivo. Nal. Immunol. 3 

!. Wciner. H. L. 2001. Induction and mechanism of action of transfoi 
factor-0-sccrcting Th3 regulatory cells. Immunol. Rev. 1X2:207. 



7527266 



Exhibit 5 



